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chromophore was detected in the binding site (Hegemann et al., 1991) and hence no activity was reported in a different carotenoid mutant strain, cc2359, after incubation with n-hexenal for 3 hours. In the case of the most volatile analogues like n-hexenal testing within 30 minutes of incubation is recommended. To insure the assay was working properly and had the desired dynamic sensitivity range, the cells were tested for phototaxis with and without retinol incubation (the positive and negative controls) by a wide range of green light intensities. The cells were reselected if the dynamic range was smaller than desired. With retinol recovery, FN68 has the advantage of showing a much broader intensity-response curve compared to cc2359 (Saranak, unpublished) . Before phototaxis assay, the cell sample was spun down, resuspended in NMM and then a 1.5 ml aliquot in a small plastic Petri dish (34 mm diameter, Falcon) each was tested for phototaxis sensitivity to each wavelength of light. The dish was placed in front of a tungsten light source with 10-nm-full-width-half-maximum-band interference filters (Microcoating, Westford, MA) for 10 min at a distance yielding a light intensity that just triggered observable phototaxis. Phototaxis distance, measured in mm, was the clear zone on the exposed side subtracted by the boundary effect clear zone around the dish. The dish was moved closer to the light source to increase the light intensity. For Chlamydomonas, a concentration of 5-6 10 6 cells/ml is sufficient that the negative phototaxis-swimming rate is about one-half that of freely swimming non-colliding cells. Under this condition free swimming is limited by the frequent collisions of cells forming a visible collision front and its progress is easy to follow. The movement of this "shock" or collision wave due to the freely swimming cells colliding with the more packed cells in front was described by Boltzmann in his consideration of particle transport S3 (Cercignani, 1988) . It leads to a linear rate correlation with the log of photon irradiance that is convenient for doing phototaxis threshold action spectra (Foster, 2001) .The linear-response (phototaxis rate) log-intensity curve was plotted for at least 3 intensities and extrapolated to the zero-response intercept, which was taken as the phototaxis threshold at the wavelength tested.
Phototaxis sensitivity is 1/threshold. This in vivo measurement has a high signal-to-noise ratio, because it involves a very large number of cells. Importantly, the swimming cell modulates the light intensity by its rotation so that only the response correlated with this modulation is recorded. Any spontaneous dark activity, if it were to occur, is not registered. Consequently this assay is sensitive to only photoactivation of rhodopsin and this study is specific for photoactivation. In contrast, many enzyme assays that have been used to study rhodopsin activation register both light and chemical activations.
Analysis of threshold action spectra. Action spectra were plotted as a function of photon energy in electron volts (1 eV = 8065.54465 cm -1 ), the natural variable to express the abscissa in electronic spectra since absorption bands have a relatively simple shape as a function of photon energy. Use of a log ordinate ensures that no matter what the sensitivity, the shape of the spectrum does not change and the error of each data point is similar no matter the position of the point in the spectrum (Foster, 2001) . Further, the low-energy cutoff, which invariably falls off exponentially with photon energy, is a straight line in this plot. Action spectra of compounds newly reported here have been analyzed and the raw action spectra of previously reported compounds have been re-analyzed using the following convenient approximation to fit rhodopsin spectra (Foster, 2001) 
where S4 ,  peak , and  cutoff are the photon energies,  peak was allowed to vary depending on the analogue incorporated,  cutoff = 0.286 eV;  is the half-width at half-maximum of the absorption curve = 0.21 eV;  is the slope of the low-energy cutoff = 1/0.055 eV.
Bacteriorhodopsin absorption spectra. The spectral peaks for bacteriorhodopsin isolated from Halobacterium salinarium (Fig 4) were obtained by absorption spectroscopy on bacteriorhodopsin aqueous suspension (0.1 to 0.5 OD) reconstituted with an ethanolic solution of the retinal analogues in dim red light at room temperature (Johnson, 1991) . The concentration of functional bacteriorhodopsin was determined by adding an excess of all-trans retinal.
Synthetic Methods
Trans-locked hexenal (3) was prepared (Scheme 1) from 3-bromocyclohexene. Ethyl
Grignard was used to displace the bromide (Pearson & Hsu, 1986) , with catalytic copper(I) iodide (Kleijn et al., 1982) required to prevent cyclohexene dimerization. The dialdehyde was prepared from 3-ethylcyclohexene by ozonolysis, and the desired trans-locked hexenal (3) was generated immediately by an intramolecular condensation (Hudlicky et al., 1988) A novel cis-locked hexenal was prepared via a complementary route from 1,6-hexanediol (Scheme 2). This diol was protected as the mono-TBDMS ether (Greene & Wuts, 1991) . Swern oxidation (Omura & Swern, 1978) effectively oxidized this compound to the desired aldehyde, however the product decomposed under the workup and purification conditions. Thus the free alcohol was converted to an aldehyde via the Ley oxidation (Griffith et al., 1987) and the crude product was used directly. Grignard reaction at the aldehyde with propylmagnesium chloride produced mono-protected alcohol, which was deprotected in good yield with TBAF (Greene & S5 Wuts, 1991) . The diol was oxidized under Swern conditions to the intermediate dicarbonyl.
Without isolation or purification, this compound was cyclized to generate the desired cis-locked hexenal analog (4) (Hiranuma & Hudlicky, 1982; Hudlicky et al., 1985; White et al., 1981) . To test a chromophore incapable of syn-anti isomerization due to amide bond formation, acid chloride 6-methoxy-naphthaldehyde analog (16) was synthesized (Scheme 3). The aldehyde starting material (15) was oxidized to the acid (17) (Isobe et al., 1987; Isobe et al., 1986; Hudlicky, 1990) , and treatment with thionyl chloride yielded the acid chloride.
Scheme 2. Synthesis of cis-locked hexenal (4).
Scheme 3. Synthesis of 6-methoxy-2-napthoyl chloride (16). 
2-Ethylhexadial.
Ozone was bubbled through a -78 °C solution of (164 mg, 1.5 mmol)
in dichloromethane (CH 2 Cl 2 , 4 mL) and methanol (4 mL) until a periwinkle blue color persisted.
Oxygen was introduced until the blue color faded, at which time triphenylphosphine (430 mg, 1.64 mmol) was added to reduce the ozonide. The solution was stirred at room temperature to dissolve the triphenylphosphine. The solvent was then evaporated and the crude dialdehyde was used directly in the subsequent reaction. 9, 156.2, 146.7, 48.4, 29.4, 28.0, 27.7, 12.3 2, 71.1, 63.2, 39.7, 37.5, 32.8, 26.0, 25.9, 25.4, 18.8, 14.1, -5.3 71.6, 62.9, 39.7, 37.4, 32.7, 25.8, 25.4, 18.1, 14 anhydrous methylene chloride (DCM, 0.5 mL). After cooling to -78 °C, dry methyl sulfoxide (DMSO, 31 μL, 0.44 mmol) was added and the reaction was stirred for 10 min. Alcohol (17 mg, 0.11 mmol) in DCM (0.5 mL) was added. After stirring at -78 °C for 40 min, triethylamine (92 μL, 0.66 mmol) was added to the reaction. The reaction was stirred for an additional 10 min, then allowed to warm to room temperature. The reaction was quenched by adding 10 mL water.
The aqueous phase was extracted with ethyl acetate (2 × 10 mL). The combined organic phases were extracted with brine (1 × 10 mL) and then dried over anhydrous sodium sulfate, concentrated, and used directly in the following reaction. R f 0.76 (silica gel, 1:1 hexanes:ethyl acetate, stain with cerric ammonium molybdate).
1-Formyl-2-propylcyclopentene (cis-locked hexenal) (4).
To a solution of dicarbonyl (0.11 mmol theoretical) under argon in anhydrous diethyl ether (1 mL) at 0 °C was added freshly-distilled piperidine (12 μL, 0.12 mmol). After 2.5 hr, glacial acetic acid (32 μL, 0.55 mmol) was added. Product purified by column chromatography (silica gel, 1 × 15 cm, 400 mL 9:1 hexanes:ethyl acetate) to obtain 4 as a colorless oil. R f 0.77 (silica gel 
6-Methoxy-2-naphthoic acid (17).
To a solution of 6-methoxy-2-naphthaldehyde 15 (100 mg, 0.54 mmol) in tert-butanol (2.5 mL) and water (0.5 mL) was added sodium phosphate monobasic dihydrate (842 mg, 5.4 mmol) and 2-methyl-2-butene (1.1 mL, 10.8 mmol). Sodium chlorite (488 mg, 5.4 mmol) was added portionwise. After 45 min, TLC (4:1 hexanes:ethyl acetate) indicated complete conversion of starting material and the reaction was quenched by S9 portionwise addition of saturated aqueous sodium hydrosulfite (3 mL). The mixture was acidified by addition of 1 N HCl (2 mL) and then extracted with methylene chloride (CH 2 Cl 2 , 3 × 12 mL). The combined organic phases were dried over anhydrous sodium sulfate. 138.8, 131.9, 131.9, 129.3, 128.0, 127.0, 126.8, 120.7, 106.7, 55 under argon in methylene chloride (CH 2 Cl 2 , 0.5 mL) was added thionyl chloride (17.5 μL, 0.23 mmol). The reaction was stirred at room temperature for 24 hr, during which time the solution became clear. The solvent was concentrated and toluene (2 × 1 mL) was added and evaporated to remove residual thionyl chloride.
